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Cobalt ferriteAbstract CoFe2O4/PAC composite adsorbent has been prepared via an immersing-calcination
process, using ethylene diamine tetraacetic acid (EDTA) and citric acid (CIT) ligands containing
sol as the CoFe2O4 precursor. The microstructure characterization and magnetic property of as-pre-
pared sample were performed by means of XRD and VSM measurements. The adsorption kinetics,
isotherms and thermodynamic process toward Bisphenol A molecules (BPA, which is considered as
one of the typical endocrine disrupting chemicals) occurred on as-prepared magnetic adsorbent
which were investigated by the pseudo-second order kinetic/intraparticle models, the Langmuir/
Freundlich adsorption isothermal models and basic chemical thermodynamics principles, respec-
tively.
ª 2011 King Saud University. Production and hosting by Elsevier B.V.D license.1. Introduction
Bisphenol A (BPA), a monomer of various polymeric materi-
als, is widely used for the production of polycarbonate plasticsand epoxy resins and also as stabilizer or antioxidant for many
types of plastics such as polyvinyl chloride (Staples et al.,
1998). However, BPA is also considered as a typical kind of
endocrine disrupting chemicals (EDCs) which may inﬂuence
the living system (Kang et al., 2006). Recently, various tech-
niques have been put forward by researchers in order to re-
move BPA molecules from the environmental matrices,
involving adsorption separation (Tsai et al., 2006; Dong
et al., 2010), biochemical (Zhao et al., 2008), electrochemical
(Kuramitz et al., 2001), sonochemical (Torres et al., 2007)
and photochemical reactions (Huang and Huang, 2009), etc.
Among the processes being proposed and/or developed,
powdered-activated-carbon (PAC) based adsorption method
is one of the most promising techniques owing to its low-cost,
highly efﬁciency and less time consumption (Esteves et al.,
2008; Mahmudov and Huang, 2010). However, the drawback
Figure 1 Schematic illustration of CoFe2O4 precursor (sols) and basic formation process of the complex oxides (Note: the picture of
CoFe2O4 crystal cell was copied directly from the website of http://wikis.lib.ncsu.edu/index.php/Image:Size21.png).
Figure 2 XRD pattern of as-prepared CoFe2O4/PAC adsorbent.
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which limits its further applications. Magnetic separation has
been recognized as a quick and effective technique for separat-
ing magnetic particles with multi-composition. In recent years,
the application of magnetic particle technology to solve envi-
ronmental problems has received considerable attention
(Tseng et al., 2007; Ao et al., 2008; Afkhami and Rasoul,
2009).
In the present work, cobalt ferrite (CoFe2O4), a typical kind
of multiple complex oxide with hard magnetic property (Sun
et al., 2010) was induced into PAC through a sol-gel chemical
route. Magnetic PAC was used for the adsorption of BPA
from aqueous solutions and was then separated from the pro-
cess following a simple magnetic process. The interfacial
adsorption property of magnetic PAC for the removal of
BPA was systematically investigated and the possible process
and mechanism was discussed as well.
2. Materials and methods
All the commercial reagents were of analytical grade and used
as received without further puriﬁcation. The reagents and PAC
were purchased from Sinopharm Group Chemical Reagent
Co., Ltd. The excellent complexing ability toward metal ions
was noticed and the roles as buffer reagents to keep the con-
stant pH values of the solution, Citric acid (CIT) and ethylene
diamine tetraacetic acid (EDTA) were used as ligands of Ferric
and Cobalt ions, respectively. Cobalt and ferric were adopted
as corresponding nitrate, namely, cobalt nitrate (Co(NO3)2Æ
6H2O) and ferric nitrate (Fe(NO3)3Æ9H2O), respectively. Mole
ratio of Co to Fe was 1:2. Co-EDTA and Fe-CIT complex
solutions were prepared by mixing proper amount of cobalt ni-
trate, ferric nitrate and their corresponding ligands. The mole
ratio of Co/EDTA and Fe/CIT was controlled at 1:1.5. After
both of the pH of the solutions were adjusted by NH3ÆH2O/
HNO3 to between 3 and 4, Co-EDTA and Fe-CIT solutions
were then mixed with the Co/Fe mole ration of 1:2, and the
pH of the ﬁnal solution was adjusted between 3 and 4 by using
NH3ÆH2O/HNO3.
To obtain the CoFe2O4/PAC composite adsorbent, a cer-
tain amount of PAC was added into the complex compoundsolution above, ensuring the mass ration of PAC/CoFe2O4
was 10:1. The stable gels were prepared after stirring at
333 K for 5 h and then heated at 413 K in the oven for 48 h.
The ﬁnal product of PAC/CoFe2O4 composite was formed
though a heating treatment process at 673 K under nitrogen
atmosphere. Fig. 1 schematically illustrates the precursor of
CoFe2O4 (sols) and the formation of complex oxides.
The phase structure characterization of PAC/CoFe2O4
composite was carried out by X-ray diffraction (XRD) in the
2h range of 20–80 using Cu Ka X-ray source (k= 0.154,
18 nm) with voltage and current of 40 kV and 100 mA, respec-
tively. The magnetic properties were measured by vibrating
sample magnetometer (VSM, Lakeshore, Model 7300 series).
To examine the behaviors of adsorption kinetic/isotherm
and calculate the thermodynamics parameters, the adsorption
experiments were carried out in 200 ml of 90 mg/L BPA solu-
tion at 150 rpm in a thermostatic shaker at 25 C for 24 h at
pH 7.0 after 0.01 g amount of adsorbent was added unless
otherwise indicated. The concentrations of BPA were deter-
mined at 276 nm, using a UV–vis spectrophotometer (VAR-
IAN Cary 100) (Dong et al., 2010).
210 Z. Li et al.3. Results and discussion
The XRD pattern of as-prepared CoFe2O4/PAC sample de-
picted in Fig. 2 suggested that all of the obvious diffraction
peaks can be indexed to the cubic spinel structure (space
group: Pn3m) of CoFe2O4 oxides (JCPDS card No. 5-667)
with ﬁne crystallinity, no characteristic peaks of impurities
were detected in the corresponding XRD pattern and no
apparent diffraction peak can be observed for the commercial
PAC powders because of its amorphous structure. The hyster-
esis loop (as shown in Fig. 3) of as-prepared CoFe2O4/PAC
adsorbent at room temperature was measured. The values ofFigure 3 Representative M-H loop of the as-prepared magnetic
CoFe2O4/PAC adsorbent. Inset: Optical-photographs of suspen-
sion of BPA and CoFe2O4/PAC adsorbent (a) and separation of
the CoFe2O4/PAC adsorbent from water solution under an
external magnetic ﬁeld (b).
Figure 4 Dependence of removal efﬁciency (%) on the CoFe2O4/
PAC adsorbent dosage.coercivity and saturation magnetization of the composite were
estimated at 144.77 Oe and 6.2183 emu/g, respectively, which
are lower than those of the pure phase of CoFe2O4 particles
owning to the combination of small amount CoFe2O4 with
PAC. The magnetic property of as-prepared CoFe2O4/PAC
adsorbent indicates that such adsorbent can be easily sepa-
rated from solution phase in several minutes through inducing
an external magnetic ﬁeld (inset of Fig. 3).
The dependence of removal efﬁciency on the CoFe2O4/PAC
adsorbent dosage was investigated, as depicted in Fig. 4, it was
observed that the adsorption removal efﬁciency of BPA in-
creased as increasing the CoFe2O4/PAC adsorbent dosage,
and the removal efﬁciency can reach to 100% after 24 h
adsorption process under the adopted dosage of 1 g/L. In addi-
tion, it can be clearly found that the increasing rates of re-
moval efﬁciency became slower as increasing the dosage of
as-prepared CoFe2O4/PAC adsorbent which was proportional
to the adsorption sites, and the linear relationship between
dosage and removal (%) became unapparent at the meantime.
Such result is in agreement with those of carbon-nanotubes
(CNTs) based adsorption processes where a decrease ofFigure 5 The variations of adsorption capacity with adsorption
time on PAC and CoFe2O4/PAC adsorbents (a) and the ﬁtting
results (b) through the intraparticle diffusion model.
Table 1 Kinetic parameters of the pseudo second order and intraparticle diffusion models for BPA adsorption on PAC and CoFe2O4/
PAC.
Adsorbents Pseudo-second order kinetic model Intra-particle diﬀusion model
qe (mg/g) k r
2 kp (mg/g min
1/2) C (mg/g) r2
PAC 309.72 0.00279 0.989 20.11 201.47 –
PAC/CoFe2O4 297.31 0.00159 0.990 9.87 197.64 0.976
Table 2 Parameters of the Langmuir and Freundlich adsorption models for BPA molecules on PAC and CoFe2O4/PAC adsorbents at
298 K.
Adsorbents Freundlich model Langmuir model
K (mg11/n L1/n g1) 1/n r2 qm (mg/g) b (L/mg) r
2
PAC 30.00 0.572 0.980 771.2 0.0130 0.961
CoFe2O4/PAC 25.71 0.604 0.972 727.2 0.0113 0.942
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dosage of the adsorbent exceeded to a critical value (Wu, 2007;
Gong et al., 2009). The employed dosage which exceeded to
the critical value could possibly increase the viscosity of the
solution, thus the diffusion of BPA molecules to the surface
of CoFe2O4/PAC adsorbent would be inhibited.
The dependence of BPA removal efﬁciency on contact time
between adsorbent and adsorbate, which is depicted in
Fig. 5(a), suggested that the adsorption-desorption equilibrium
could be obtained after contact time of 120 min. To obtain the
adsorption kinetic parameters of BPA molecules on CoFe2O4/
PAC, the pseudo-second order model was selected to ﬁt the ki-
netic results (Ho and McKay, 2000). The corresponding ﬁtting
results shown in Table 1 demonstrated the good correlation
coefﬁcients (r2  0.99) for the pseudo-second order kinetic
model by using CoFe2O4/PAC and PAC, implying the interac-
tion of chemical adsorption could possibly have occurred dur-
ing the adsorption process. On the other hand, it is worth
noticing that only a small amount of adsorption-capacity de-
creased after CoFe2O4 loading, compared to the blank sampleFigure 6 Adsorption isotherms of BPA on the PAC and
CoFe2O4/PAC adsorbents and modeling using the Langmuir
and Freundlich equations.of pure PAC adsorbent. It is reasonable to deduce that contri-
bution of intraparticle diffusion was not the rate-controlling
step for both adsorbents during the whole adsorption process,
according to the ﬁtting results by the intraparticle-diffusion-
model (Fig. 5(b), Table 1).
The Langmuir and Freundlich isotherm models were se-
lected to evaluate the adsorption capacity of adsorbents and
understand the interactions between adsorbate and adsorbent
(Langmuir, 1916; Freundlich, 1906). As given in Table 2 and
Fig. 6, the adsorption isotherms of BPA molecules on both
CoFe2O4/PAC and PAC can be ﬁtted better by the Freundlich
model than the Langmuir model, indicating the fact that the
monolayer coverage adsorption process of BPA molecules on
the adsorbents might not occur. Meanwhile, the Freundlich
equation predicted that the BPA concentration on the adsor-
bent will increase as long as there was an increase in the
BPA concentration in the liquid. And the ﬁtting result by the
Freundlich model revealed that the values of Freundlich expo-
nents n (1.55 and 1.66) were greater that 1, representing the
favorable adsorption condition (Annadurai et al., 2008).Figure 7 Adsorption isotherms for BPA on CoFe2O4/PAC
adsorbent at different temperatures.
Table 3 Parameters of the Langmuir and Freundlich adsorption models for BPA molecules on CoFe2O4/PAC adsorbents at 289, 298
and 308 K.
T (K) Freundlich model Langmuir model
K (mg11/n L1/n g1) 1/n r2 qm (mg/g) b (L/mg) r
2
289 26.87 0.601 0.954 792.3 0.0114 0.926
298 25.71 0.604 0.972 771.2 0.0112 0.942
308 18.66 0.644 0.939 756.1 0.0086 0.906
Table 4 Thermodynamic parameters for the adsorption of
BPA on CoFe2O4/PAC adsorbent.
T (K) K DG (kg/mol) DH0 (kg/mol) DS (J/mol K)
289 26.872 8.019 13.75 19.83
298 25.701 7.841
308 18.660 7.642
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parameters for the adsorption of BPA molecules on as-pre-
pared CoFe2O4/PAC adsorbent, adsorption isotherms under
different temperatures (289 K, 298 K and 308 K) were mea-
sured (as depicted in Fig. 7, and the results ﬁtted by the Lang-
muir and Freundlich models are listed in Table 3. It was found
easily that both K and qm value decreased irregularly with
increasing temperature, implying the exothermic nature of
BPA molecules adsorption on CoFe2O4/PAC adsorbent.
Fig. 8 displays the plot of ln K vs. 1/T for thermodynamic
parameters calculation for the adsorption of BPA molecules
onto CoFe2O4/PAC adsorbent (Annadurai et al., 2008), and
the chemical dynamic parameters were calculated by the result
of linear ﬁtting. As shown in Table 4, the negative of DG value
(8.019, 7.841 and 7.642 kJ/mol at 289, 298 and 308 K,
respectively) and positive DH value (13.75 kJ/mol) indicated
that the adsorption of BPA molecules onto CoFe2O4/PAC
adsorbent was a spontaneous and an exothermic process.
The negative value of DS (19.83 J K1 mol1) obtained sug-
gested the reversible nature during the adsorption process and
possibly corresponded to a decrease in the degree of freedom
of the species adsorbed (O¨zcan et al., 2006).
The distance between two phenol hydroxyl radicals in a
BPA molecular is 0.94 nm, approximately, which is less than
the micropore diameter of PAC ( 2 nm), thus the surface area
of adsorbent might be the major factor which can inﬂuence theFigure 8 Plot of ln K vs. 1/T for thermodynamic parameters
calculation for the adsorption of BPA molecules onto the
CoFe2O4/PAC adsorbent.adsorption capacity of BPA on CoFe2O4/PAC. The micropo-
rous surface can provide a mass of adsorption sites thus lead-
ing to the strong physical effect with BPA molecules (Moreno
et al., 1995). Noticing the rich p electronics in the PAC adsor-
bent, the p–p interaction (Coughlin and Ezra, 1968) cannot be
ignored during the adsorption process of BPA molecules on
as-prepared CoFe2O4/PAC adsorbent, though the donor-
acceptor theory (Mattson et al., 1969) and hydrogen bond the-
ory (Franz et al., 2000) were proposed to explain the adsorp-
tion mechanism of hydroxybenzene molecules on PAC
materials as well. A recent study reported by Liu et al (Liu
et al., 2009) showed that the chemical property of the PAC sur-
face can greatly depend on the type of carbon source (such as
wood/coal-based PAC) and heating treatment process (such as
treated under different kinds of atmospheres), hence the sur-
face chemical properties of as-prepared CoFe2O4/PAC should
be further investigated in order to deeply understand the
adsorption process and mechanism and this work is ongoing.
CoFe2O4/PAC adsorbent has been prepared via an immers-
ing-calcination method. The as-prepared dispersed CoFe2O4/
PAC adsorbent in the aqueous solution can be easily magnetic
separated from the water phase after adsorption. The adsorp-
tion kinetics and isotherm results showed the similar adsorp-
tion capacity and the time-needed to obtain adsorption-
desorption equilibrium with traditional PAC adsorbent. The
thermodynamic process investigation indicated that the
adsorption of BPA molecules onto CoFe2O4/PAC adsorbent
was a spontaneous and an exothermic process.Acknowledgments
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